We report the experimental demonstration of spatial nonlinear beam displacement caused by an interface between periodically modulated and uniform quadratic nonlinearity. We observe intensity-and phasemismatch-dependent spatial beam displacement at 1548 nm in lithium niobate waveguides. The device has the potential to provide a soliton-emission-based, ultrafast all-optical switch. In the framework of quadratically nonlinear media, quasi-phase matching can be used in engineering nonlinear structures. This technique opens a whole range of new possibilities that have become experimentally feasible with reproducible fabrication of periodically poled lithium niobate (PPLN). Engineered PPLN patterns show promise for use in soliton systems. Soliton ref lection, tunneling, resonant trapping, and emission in engineered structures have been predicted. 9, 10 In this Letter we describe electromagnetic nonlinear type I interaction of a fundamental wave [(FF) at 1548 nm] and a second-harmonic wave [(SH) at 774 nm]. We investigate spatial propagation of beams in titanium-indiffused lithium niobate slab waveguides across an interface between a periodically poled and a homogeneous lithium niobate region, with a FF only in the input (see Fig. 1 ). In this situation, the parametric wave-mixing interaction is highly eff icient in the region with the domain grating, whereas in the homogeneous waveguide the mixing efficiency is negligible. For a given input power, because of the interface between two nonlinear regions, the beams switch into the domain grating (soliton emission). We performed an experimental demonstration of a nonlinear spatial transverse def lection of a soliton beam. Intensity-and phase-mismatch-dependent spatial displacement was measured.
The propagation of light in the vicinity of an interface between two nonlinear dielectrics has been widely studied in the past four decades following the milestone research of Bloembergen and Pershan 1 and of Kaplan. 2 Nonlinear transverse field effects at the interface between second-order 3, 4 and third-order 5, 6 nonlinear dielectrics have been predicted. However, few experimental results are available. 7, 8 In the framework of quadratically nonlinear media, quasi-phase matching can be used in engineering nonlinear structures. This technique opens a whole range of new possibilities that have become experimentally feasible with reproducible fabrication of periodically poled lithium niobate (PPLN). Engineered PPLN patterns show promise for use in soliton systems. Soliton ref lection, tunneling, resonant trapping, and emission in engineered structures have been predicted. 9, 10 In this Letter we describe electromagnetic nonlinear type I interaction of a fundamental wave [(FF) at 1548 nm] and a second-harmonic wave [(SH) at 774 nm]. We investigate spatial propagation of beams in titanium-indiffused lithium niobate slab waveguides across an interface between a periodically poled and a homogeneous lithium niobate region, with a FF only in the input (see Fig. 1 ). In this situation, the parametric wave-mixing interaction is highly eff icient in the region with the domain grating, whereas in the homogeneous waveguide the mixing efficiency is negligible. For a given input power, because of the interface between two nonlinear regions, the beams switch into the domain grating (soliton emission). We performed an experimental demonstration of a nonlinear spatial transverse def lection of a soliton beam. Intensity-and phase-mismatch-dependent spatial displacement was measured.
The experiments were performed with a 58-mm-long Ti:LiNbO 3 Z-cut planar waveguide. A microdomain structure of 16.92-mm periodicity was generated after waveguide fabrication by electric f ield assisted poling in one part of the waveguide only. The planar waveguide had a transition Ti:PPLN͞Ti:LiNbO 3 between periodically poled and unpoled regions. The sample was inserted into a temperature-stabilized oven to permit operation at elevated temperatures ͑T 120 160 ± C͒; in this way, photorefractive effects (optical damage) could be minimized and temperature tuning of the phase-matching conditions became possible. An all-fiber laser system was used as the source of 4-ps pulses (FWHM) at 1548 nm (FF) of 1.7-nm spectral bandwidth and of a peak power of a few kilowatts at a 20-MHz repetition rate. The laser beam was shaped in a highly elliptical spot, nearly Gaussian in prof ile, with w 0x 60 mm (FWHM) along the waveguide plane and w 0y 3.9 mm along the perpendicular direction. We recorded the spatial beam profiles by scanning a magnified image of the pattern with a photodiode. We model electric f ields E 1 and E 2 , at v 0 (FF) and 2v 0 (SH), respectively, propagating in the z direction, as
where W ͑ y͒ and V ͑y͒ are the mode prof iles and w͑x, z, t͒ and v͑x, z, t͒ are the slowly varying envelopes. Envelopes w͑x, z, t͒ and v͑x, z, t͒ obey the nonlinear coupled equations
where b represents the propagation constant, b 0 is the inverse group velocity, b 00 is the inverse group-velocity dispersion, n is the refractive index, Dk 2b v0 2 b 2v0 is the phase mismatch, and x ͑2͒ is the nonlinear coeff icient. In the unpoled region, x ͑2͒ x ͑2͒ z 0 z 0 z 0 ; in the PPLN region, nonlinear term x ͑2͒ ͑z͒ consists of domains of nonlinear coeff icient 6x ͑2͒ z 0 z 0 z 0 with sign changes that occur with periodicity L͞2. In the PPLN region the behavior of the wave-mixing interaction is similar to that of a conventionally phase-matched interaction but with an effective mismatch Dk eff shifted by an amount K s 2p͞L with respect to Dk and with an effective nonlinear coeff icient x ͑2͒ ͑z͒ 2͞px
We employed a f inite-difference vectorial mode solver to determine the linear propagation properties of the slab waveguide. In the case at hand, crystal length L corresponds to 5.6 times the FF diffraction length and to 5.2 times the walk-off length between the FF and the SH; the dispersive terms can be neglected. Finally, using a f inite-difference beam propagation technique, we solved the nonlinear coupled equations [Eqs. (1)].
We carried out experiments and numerical simulations by launching the FF input beam parallel to the nonlinear interface, varying the spatial input displacement, the input pulse power, and the phasemismatch conditions by varying the temperature of the sample, keeping f ixed the temporal and spatial widths of the injected FF pulse. Far from the interface, in the PPLN region, spatial self-trapping could be induced even if the pump pulse's duration was shorter than the group-delay mismatch between FF and SH components. 12 In the quasi-linear regime the output beam prof ile had a width w 0x 320 mm that corresponded to the diffracted input beam ͑w 0x 60 mm͒ after 58 mm of propagation along the waveguide. When the incident intensity was increased, at large enough positive phase-mismatch values ͑DkL . 9p͒ the nonlinear self-focusing balanced the effect of diffraction, causing the formation of a spatial soliton. In Fig. 2 , typical numerical and experimental results are shown.
We then launched the FF input beam in the PPLN region, close to the interface between the PPLN region and the unpoled region. Again, in the quasi-linear regime, at low intensity, the beam broadened because of diffraction inside the crystal. Increasing the incident intensity, at large enough phase mismatch in the PPLN region ͑DkL . 9p͒ we succeeded in exciting a spatial soliton, and we observed its spatial shift. In Fig. 3 , typical numerical and experimental results are shown. In essence, the beam experienced effective spatial acceleration and consequently spatial velocity in the transverse dimension ͑x͒ toward the region where the nonlinear interaction is more eff icient. This phenomenon (soliton emission) can be attributed to the existence of a nonlinear repulsive potential well induced by the effective nonlinear interface. The intensity of the repulsive potential is inversely proportional to the separation distance between the input beam and the transition. A distance exceeding 30 mm was sufficient to suppress any spatial shifting of the trapped beam. The soliton emission phenomenon is intensity and phase-mismatch dependent. Experimental results concerning the spatial shift of the FF output beam versus intensity and for different phase-mismatch conditions are shown in Fig. 4 . Because the pulse duration ͑ϳ4 ps͒ is significantly shorter than the group-delay mismatch between FF and SH components, spatial soliton propagation can be induced only for large positive phase mismatch. The use of longer pulses should permit emission to be obtained at the phase-matching condition and should increase the spatial soliton def lection.
In conclusion, we have described spatial soliton emission that is due to spatially varying effective nonlinearity in nonuniform lithium niobate waveguides at 1548 nm. We observed the spatial displacement of the trapped beam versus the input intensity and versus the phase mismatch. The intensity and wavelength dependence of the soliton emission phenomenon portends new applications for ultrafast all-optical devices.
